The P, V, and C proteins of measles virus are encoded in overlapping reading frames of the P gene, which makes it difficult to analyze the functions of the individual proteins in the context of virus infection. We established a system to analyze the C protein independently from the P and V proteins by placing its gene in an additional transcription unit between the H and L genes. Analyses with this system indicated that a highly attenuated Edmonston lineage vaccine strain encodes a fully functional C protein, and the P and/or V protein is involved in the attenuated phenotype.
Measles is a highly contagious disease characterized by high fever and a maculopapular rash. About 4% of deaths in children aged under 5 years are caused by measles worldwide (9) . The causative agent, measles virus (MV), belongs to the genus Morbillivirus in the family Paramyxoviridae. The genome of MV is a nonsegmented negative-strand RNA of ϳ16 kb in length and contains six genes. Each gene encodes a single structural protein, namely the nucleocapsid (N), phospho (P), matrix (M), fusion (F), hemagglutinin (H), and large (L) proteins (17) . The genome forms a helical ribonucleoprotein complex with the N protein and viral RNAdependent RNA polymerase composed of the P and L proteins. The P protein acts as an essential cofactor of RNA-dependent RNA polymerase and tethers the L protein onto the nucleocapsid template (20) . The P gene encodes additional gene products, the V and C proteins, by the processes of RNA editing and alternative translational initiation in a different reading frame, respectively (17) . Although the V and C proteins are nonessential for MV replication (29, 35) , they act as important virulence factors in vivo (11, 28, (44) (45) (46) . Many lines of evidence have indicated that the C and V proteins of MV antagonize the host interferon (IFN) responses (10, 16, 22, 23, 25, 26, 37, 42, 47) . The V protein directly interferes with pathways of IFN induction (1) and IFN signaling (25, 26, 42) , while the C protein contributes to circumvention of IFN induction by controlling the levels of viral RNA synthesis (22, 23, 31) . Direct interference with IFN signaling by the C protein has also been reported, although its effects are weaker than those of the V protein (16, 37) .
In a recent study, we showed that a recombinant IC-B strain possessing the P gene of the attenuated Edmonston tag strain (IC/EdP) replicates less efficiently than the parental IC-B strain (a virulent strain) (40) . The Edmonston tag strain is a recombinant MV derived from the Edmonston B vaccine strain, which has been passaged numerous times in various cultured cells (30) . There are many amino acid differences between the P gene products of the IC-B and Edmonston tag strains ( Fig. 1) (27, 30, 43) . Most of the changes found in the Edmonston tag strain are common to the Edmonston lineage MV strains (27) . However, owing to two amino acid substitutions at positions 110 and 272, which are not conserved among the Edmonston lineage MV strains (25) (26) (27) , the V protein of the Edmonston tag strain is defective in counteracting IFN signaling (10, 12, 16, 25) . The changes at these two positions are also found in other lineages of MV vaccine strains as well as cultured, cell-adapted MV strains (2, 8, 40) . Therefore, we consider the P gene of the Edmonston tag strain to be a representative P gene encoded in attenuated MV strains.
The C protein expressed from the newly created C gene supports MV replication efficiently. Previous studies using expression plasmids have suggested that functional differences in the C protein are possibly involved in the attenuated phenotypes of the Edmonston and vaccine strains of MV (3, 24, 31) . These observations motivated us to compare the C protein functions between the IC-B and Edmonston tag strains in the context of virus infection. It should be noted that the licensed, highly attenuated Zagreb vaccine strain encodes a C protein with an amino acid sequence identical to that of the Edmonston tag strain (4, 27) . However, analyses of the C protein using infectious MVs pose the problem that mutations in the C protein are often accompanied by mutations in the P and V proteins because they are encoded in overlapping reading frames. In the present study, we established a reverse-genetics system to analyze the C protein independently from the P and V proteins by placing its gene in an additionally created transcription unit (termed the C gene) between the H and L genes ( Fig. 2A) . The expression levels of MV mRNAs decrease progressively from the 3Ј end to the 5Ј end of the virus genome. Although the C protein is expressed from the P gene (the second locus of the virus genome) in the original virus genome, the expression level is relatively low. It is because the C protein is translated using the second AUG codon in the P gene transcripts via a leaky scanning mechanism. We, therefore, placed the C gene at a downstream locus (between the H and L genes) of the virus genome in order to achieve an expression level of the C protein similar to that from the P gene. The original reading frame of the C protein in the P gene was knocked out by introducing nonsense mutations into the frame, as reported previously (22, 44) , and the mutated P gene was termed P⌬C. A recombinant MV IC-B strain possessing a genome with these alterations was generated by reverse-genetics techniques (39, 41) and designated IC⌬C-add[IC-C] (the C protein of the IC-B strain was termed IC-C). Another recombinant MV, designated IC⌬C-add[⌬C], was also generated. This second recombinant MV possessed the C gene but lacked C protein expression owing to introduced nonsense mutations. A third recombinant MV, IC⌬C, which lacks C protein expression from the P gene and does not have an additional C gene, has already been reported (22, 44) . All the recombinant MV strains analyzed in the present study were derived from IC323-EGFP (18) (termed the wild-type [wt] virus in this study), which was engineered to express enhanced green fluorescent protein (EGFP) from another additional transcriptional unit at the first locus of the genome of the IC-B strain ( Fig. 2A) (18) . A pulse-labeling experiment revealed that the expression levels of the C protein from the newly created C gene at 24 h postinfection (p.i.) in Vero/hSLAM and A549/hSLAM cells were similar to those from the original P gene (Fig. 2B) .
Our previous studies indicated that IFN regulatory factor 3 (IRF3) is activated in cells infected with IC⌬C, leading to the production of IFN (22, 23) . Furthermore, protein translation is inhibited in these cells through phosphorylation of the eukaryotic translation initiation factor eIF-2␣ (22) . Consequently, IC⌬C replicates poorly in these cells possessing a functional IFN system but replicates fairly well in cells with a defective IFN system (22) . As observed in IC⌬C-infected cells, IRF3 was translocated into the nucleus in IC⌬C-add[⌬C]-infected cells, whereas it was hardly translocated into the nucleus in IC⌬C-add[IC-C]-infected cells (Fig. 2C) . Synthesis of viral proteins was restored in IC⌬C-add[IC-C]-infected cells (Fig. 2D) . Furthermore, this Western blot analysis reconfirmed the similar expression levels of the C protein for the wt and IC⌬C-add[IC-C] viruses at 24 h p.i. (Fig. 2D) . IC⌬C-add[IC-C] replicated efficiently, and its maximum virus titer was as high as that of the wt virus (Fig. 2E) . However, the virus titer of IC⌬C-add[IC-C] dropped off more rapidly than that of the wt virus ( (Fig. 3A) . No significant differences were found between the intracellular distribution patterns of Ed-C and IC-C in virus-infected cells (Fig. 3B) . IRF3 was hardly translocated into the nucleus in IC⌬C-add[Ed-C]-infected cells (Fig. 3C) . In addition, IC⌬C-add[Ed-C] produced levels of viral proteins similar to those of IC⌬C-add[IC-C] (Fig. 3D) . Consequently, IC⌬C-add[Ed-C] replicated as efficiently as IC⌬C-add[IC-C] (Fig. 3E) . These data indicate that Ed-C is fully functional in supporting virus replication and circumventing host IFN responses, similar to IC-C. These results are consistent with our previous observation that the ability of the C protein to inhibit viral RNA synthesis is correlated with the abilities of MV to circumvent IFN induction and support virus growth in IFN-competent cells (23) . Many studies regarding the roles of the MV C protein in virus replication and pathogenesis have been carried out using the Edmonston tag strain (7, 15, 28, 29, 46 ). Our present study helps to validate the FIG. 1. Amino acid differences between the P, C, and V proteins of the Edmonston tag strain and those of the IC-B strain. The white, gray, and black boxes indicate the reading frames for the P protein and the C protein and the unique carboxyl terminus of the V protein of the Edmonston tag strain, respectively. Substitutions in the P protein compared with the IC-B strain are shown above the boxes, while those in the C and V proteins are shown below the boxes. The functional domains of the P protein (20) are shown as black lines above the white box, while those of the C protein (24) are shown below the gray box. NLS, nuclear localization signal; NES, nuclear export signal. (Fig. 4C) (40) . These data confirm that the attenuated growth of IC/EdP is caused by the P/V protein of the Edmonston tag strain and not by the C protein. It is unlikely that the inability of the V protein of the Edmonston tag strain to counteract IFN signaling (10, 12, 16, 25) is associated with the growth attenuation of MV possessing EdP⌬C, because we used Vero cells that are defective in the IFN system (14, 21) in these analyses.
Implications. The mechanisms involved in the attenuation of the Edmonston and vaccine strains of MV remain to be elucidated. MV can be attenuated through adaptation to growth in cultured cells (19) , and the Edmonston and vaccine strains have been generated through large numbers of passages in various cultured cells (34) . Mutations in the P gene are often observed during the adaptation process of MV (2, 13, 27, 38, 43) as well as in related viruses (5, 6, 33) . The C protein was shown to be dispensable for virus growth in some cultured cells (29) but acts as an important virulence factor in vivo (11, 28, 44) . Therefore, mutations in the C protein are possibly responsible for the attenuated phenotypes of the Edmonston and vaccine strains of MV. However, recent studies have indicated that the C protein plays important roles in circumventing the host innate immune responses (16, 22, 23, 37, 47) and is therefore dispensable for virus growth in cultured cells only when the cells have a defective IFN system (15, 22, 44) . Our data indicate that Ed-C is fully functional in supporting virus growth in cells possessing a functional IFN system. Preservation of a functional C protein by the Edmonston tag and vaccine strains of MV would be reasonable, since they have to grow in chicken embryo fibroblasts (34) , which possess an intact IFN system (36) .
It has long been believed that the Edmonston strain and its derivative vaccines have acquired mutations that may promote viral RNA synthesis in cultured cells. However, this is unlikely to be the case. Our present data suggest that the P/V protein of the Edmonston tag strain attenuates MV growth by reducing the level of viral RNA synthesis. We speculate that this may allow the virus to circumvent the host innate immune responses effectively, thereby leading to better survival in various cultured cells. Our present data (18) at an MOI of 0.5 in the presence of a fusion-blocking peptide (32) . At 36 h p.i., the intracellular distribution of the C protein was analyzed by an indirect immunofluorescence assay using appropriate primary and secondary antibodies (23) . Green and red fluorescence indicate EGFP encoded in the recombinant MV genome and the C protein, respectively. (C) Indirect immunofluorescence assay for IRF3. IC⌬C-add[Ed-C]-infected A549/hSLAM cells were subjected to an indirect immunofluorescence assay for IRF3 using the same procedures described in the legend for 
